Sand dune movement is a hazardous phenomenon in Egypt and creates major threat on the existing land use and land cover as well as developmental plans. This paper studied the sand dune morphology and quantified the rate of sand dune movements and direction in a newly developed project in the southwest of Egypt. Two dates of satellite imageries were used to trace the Barchan dunes at various sites with different morphological properties to estimate the annual movement rate based on point to point geo-correlations. 149 dunes of the common sand dunes in the area of study including barchans and transverse dunes were studied to accurately determine their rate of movements, which ranged from 1.3 to 19.3 my −1
Introduction
Egypt population is ~90 million, which, however, settles on just 6.6% of the Egyptian territory along the flood plain of the Nile Delta and the River Nile [1] . The over increase of population has inspired both government and individuals for lateral spread towards the desert land. One of the main targeted areas for lateral expansion is the western desert but at specific localities such as the western corner of the western desert. In this area, the government initiated huge developmental projects including agriculture, urban and medical tourism. Various prominent projects have been developed in this area including land reclamation for agricultural purposes such as Toshka Project. However, the main issue was the availability of water and suitability of land [2, 3] ; critical missed issue was the risk of the natural hazards particularly of sand dune movements. Therefore, the success of such promising projects basically relies on understanding the dynamic of geomorphic landscapes that host these projects [4] [5] [6] [7] .
The aeolian deposits cover about 16% of the total Egypt territory, which constrain the expansion of development and always create threat on the existing land use and land cover [8] [9] [10] . This includes various types of sand seas, sand fields, sand plains and sand sheets [11, 12] . The area of study is part of this dynamic aeolian system that is controlled by various earth surface processes, which produce vast areas of sand dunes representing a sever hazard [13, 14] . Under arid conditions, where the evaporation rates exceed the precipitation rates; and the vegetation is scarce, sand dunes move at various rates and directions. Determination of the rates of sand dune movements and their spatial extensions is for the protection of both natural recourses and man-made projects.
Many previous researches on the detection and measurement of sand dune movements in Egypt have followed the conventional methodologies of ground based techniques which include sand traps, steel and iron rods [15, 16] , and fluorescent dye [17] . At El-kharga depression, the same techniques have estimated the sand dune movements at 10 -18 m/year [18] . Although these techniques show a high level of accuracy, they provide measurements on specific localized sand dune at monthly or seasonal interval. Since they rely on targeted field measurements, these methods inherently lack the capability to monitor wide coverage. In addition, they are not cost-ef-fective: consume time, effort, and money.
Remote sensing techniques could be used effectively to monitor sand dune movements through comparing the multi-temporal satellite images [19] [20] [21] [22] . Unlike field measurements, remotely sensed data show regular and wide coverage for analysis and measurements [23, 24] . Furthermore, although satellite imagery provides multi-temporal coverage of large areas at low coast, the classical definition of sand dune boundaries is highly affected by satellite geometry and illumination conditions [25, 26] . It [27] was visually interpreted remotely sensed data were to determine Oman's Wahiba Sand dunes of different sizes, and were able to relate the dune types to the dominant wind regime over both the short term periods. In-depth analysis of remotely sensed data could enable to classify sand dunes. Researchers [8] used this approach to classify sand dunes into three main categories:
1) Migrating dunes, in which the whole dune body advances with little or no change in shape and dimensions. The typical case of this category is the barchans, whose morphology is relatively simple [28, 29] and transverse and crescent [30] ;
2) Elongating dunes, in which the length of the dunes increases over time by means of processes that differ strongly from those that affect migrating dunes. This category is mostly represented by linear dunes; and 3) Accumulating dunes, in which the dunes exhibit little or no net advance or elongation. Migrating dunes are the most active group of dunes, and their migration can cause major threat on infrastructures and both land use and land covers such as roads, farmland [31] [32] [33] .
The area of study has a high level of Barchan dune movement; which varies from 20 to 100 m/year, and exhibits strong correlation with effective winds, dune size, ground length of the windward side and mean slope angle of the windward side . Analysis of the wind data at the Kharga station indicated that about 95% of the effective wind is coming from the north direction at speed of 20 km/hr which actively moves the smaller dunes at faster rate than the larger ones. This is due to the sand mass transported decreases, as the dune gets smaller. Indeed, the land use and cover are playing a major role in such movements where the vegetation cover minimizes the movements and stabilizes the sand dunes [34] .
In this research, remotely sensed data as a source of information and GIS techniques were used to trace the dune morphology and determine the sand dune movements in integrated manner to provide a baseline for operational system for sand dune hazard in the area of study.
Study Area
Toshka depression area is located in the south Western Desert of Egypt, at about 250 km southwest of Aswan city, between latitudes 22˚30'N -23˚45'N and longitudes 30˚0'E -31˚30'E (Figure 1) . The Toshka depression is bounded by Sinn EL-Kaddab plateau from the north, which is capped by Paleocene and Eocene limestone and chalk. It is hosting two aeolian features of great importance as a source of dune in the area.
The area is nearly flat in the eastern side with altitude of 90 meter above sea level (ASL), which inspired the Egyptian government for reclamation and development of this area. It was planned to utilize the excess water of Lake Nasser (above 178 m ASL) via spillway through a main irrigation canal (Sheikh Zayed Canal) for agricultural development [35] . It is, however, dominated by the presence of numerous moving dunes organized by several groups that has major threat on such developmental plans. This includes an extensive belt of Barchan-type sand dunes which crosses the western part of the Toshka depression in a North-South direction. This is together with the huge longitudinal dune belt, which enters Toshka area from the North. The second feature is the small sand dues area which lies on the plateau surface and extend south to Toshka area. The climatic conditions of the region play an important role in shaping the landscape and the ecology of Toshka area. It is a typical of hyper-arid with rare rainfall and high temperature most of the year with an average air temperature of 33˚C in summer and 16˚C in winter. Wind speed and direction is the driving force of sand dune movements is this area, which is windy most of the year with average wind speed 6 m·sec −1 .
Materials and Methods
Two dates of satellite images were used in this study, which are Landsat Thematic Mapper dated 2000 and Spot Image dated 2006. Complementary data of geological maps and topographic maps at scale 1:100,000 were used to generate other thematic layers. The satellite images were geometrically corrected to the Universal Transverse Mercator (UTM) projection system (zone 36). They also radiometrically corrected to remove the effect of aerosols from the atmosphere for further analysis. Enhancement techniques were applied including band-combination and band-rationing for visual interpretation and identification of the sand dune.
The enhancement techniques of histogram equalization and edge detection enabled for clear distinguish of sand dune ridges and outlines based on differences in the brightness of various dune features; for example lee slopes were bright and windward slopes were dark. Conversely, the sparsely undulated inter-dune residual hilly land usually appeared as gray zones in the satellite images. This is because different parts of the dunes create different angles of light reflection as a result of the geometry of the sun-dune-sensor system. The light reflected by slopes of barchans and dune ridges, with little light reflected 5) Then compute the average rate of sand dune movement per year averaging the whole points using this equation.
back by inter-dune ridges, which captured a dark image. Therefore tracing these sand dunes particularly selected barchans dunes for geographical correlation and computation of the movement rate was carried out.
DIStotal n , where n is the number of calculated points Figure 2 shows the systematic technical approach of studying the dune morphology and determining the rate of sand dune movements. This is based on the fact that Barchan dune moves with self-preserving its shape, which maintains equilibrium of erosion and sand deposition rates. Sand is transported from the stoss to the dune lee side causing the dune to migrate (Figure 3) . The main mechanism is saltation of sand transport using the wind which is a typical surface rolling. The crest becomes unstable and sand avalanches occur down the slip face. The key methodological steps are: 6) Compute the average sand dune movement in the study area by averaging the dune movements in the 5 pilot areas (Figure 3) .
The level of accuracy is subjected to the tracing of the sand dunes which is merely controlled by the experience of identification of the sand dune. To minimize the error arises from the determination of detecting the dune outlines, geomophological expert who traced the outlines of these dunes and supported with the field verification and GPS points. Secondly, there is another error arises from the difference in the spatial resolution between the Landsat image (30 meter) and SPOT image (20 meter). Resolution merge of the TM multi-spectral with the panchromatic to improve the spatial resolution of the TM image to 15 meter. This has minimized the difference between both images, which consequently minimized the error at an acceptable level for such application. 1) Selection of identical two point coverage to represent the individual dune in each image, either on specific points on the lee of the sand dune or the centre point, this is mainly based on crest-to-crest (concave-to-concave) correlation. Figure 3 shows a field picture of Barchan dune with the points actually in use for the correlation.
2) Extracting the geographic coordinates of each studied dunes including X & Y tie points.
Five selected pilot areas were chosen to study the dune morphology and determine the sand dune movements, which are covering most of the environment of the region and covering most of the area subjected for development. Figure 4 below shows the location of these pilot areas, which are numbered from 1 to 5 that will be intensely studied for sand dune migration. 
Results

Dune Morphology and Pattern of Distribution
South western desert of Egypt is occupied by a very complicated wind system, which is characterized by multidirections and intensities. These wind systems are the main driving force of assembling the dynamicity of the geomorphic features in the area of study as well as assembling various sand dune systems that vary from longitudinal to Barchan as well as transverse dunes. The dominant climatic condition in this region is arid to hyper-arid with low precipitation and high evaporation rates along with scarce vegetation cover. This creates a typical environment for sand dune movements at different rates and directions. The dune morphology of the study area is dominated by Barchan and transverse dunes; the interpretation of the satellite images has shown no major changes in dune morphology. However, the changes in the wind regime (magnitude and direction) have result in minor changes in the dune outlines which used to measure the migrated distance between the two dates. Dune belts that occupy the wind corridors were clearly determined in 2000 and 2006 satellite images. Four recognizable geometrical forms of sand dune were defined in the study area including: 1) Ripple dunes forming successive waves over sand sheets or rocky surfaces;
2) Small individual barchans; 3) Sheet dunes; and 4) Sand sheets and shadows. Digital image processing of enhancement of the satellite images enabled to determine and trace the outlines of these belts, which show major changes in the dune outlines and growth in 6 years (i.e. movements). Figure 5 shows the overlaid traced outlines of the sand dunes in both dates of the satellite images, which clearly show the advancement of the sand dune. The advanced dunes are often in the dominated wind direction (to the south in this figure) .
The pilot areas 1, 2 and 5 have occupied and maintained the same shape of Barchan dunes with general migration direction to the south in the same direction of the wind that influences the migration in this direction. However, dunes at pilot areas 3 and 4 are more complex in their shapes, including transverse dunes, and movements; which is a reflection of the multiple wind directions influencing these two pilot areas.
The in-depth visual interpretation of the satellite image [1] has enabled to understand the source of the sand dunes in the area of study. It is almost generated from the north where the large dune field of Abu Muharik exists. Other dune source is from the narrow dune belts that occur parallel to the western side of the Nile Valley between the two neighbourhood governorates of Beni-Suef and Aswan. The visual interpretation of the study area has also confirmed the existence of the interdunal depressions, which are generally undulating the low topographic areas between the sand dune belts. Determining the magnitude of sand dune movements and direction were based on tracing the multi-temporal border of sand dunes for correlation and spatial determination. The spatial extension of the sand dunes provides the main direction of movements and magnitude of movements.
Dune Migration Rates
To determine the actual sand dune movements, geographic correlation between the individual dunes was measured using the correlated points on the outlines of the dunes either on the lee or crest of the dune.
The pilot area 1 is located northern the Toshka lake which occupied by typical barchans dunes. 12 points were chosen on typical four Barchan dunes to measure the locational difference as function of the migration of the dunes. The two dates of the satellite images maintained the same shape and morphology of the Barchan dunes with movements southwards (Figure 6) . The one-to-one point geo-correlation between the two images estimated the minimum sand dune movements of 1.3 my −1 and the maximum of 3.7 my −1 with a yearly average of movements during the 6 years of 2.3 my
. The general direction of movement is slightly to the south east, with average movement angle of 290 degrees.
Pilot areas 2 and 4 are located within the Toshka lakes, which are occupied by barchans, elongated and irregular shaped dunes. 10 points were chosen on 7 different dunes outlines representing the majority of the sand dunes in the pilot area 2 to determine the displacement of these outlines as function of the migration of the dunes in this particular area. The two dates of the satellite images showed that the dune morphology is maintained with continual movements to the south (Figure 7) . The oneto-one point geo-correlation between the two images estimated the minimum movements of 1.45 my −1 and the maximum of 11.95 my −1 with a yearly average movements of the 6 years of 7.1 my
. The general direction of movement is slightly to south east, with average move- . The general direction of movement is slightly to the south east, with average movement angle of 295 degrees.
These 2 pilot areas (2&4) have influence on the Toshka lakes by moving the sand to the lakes and create threat on the siltation of the lakes.
The last two pilot areas 3 and 5 are located to the south of the spillway of Toshka lakes, which occupied by barchans and few irregular small dunes. 15 points were chosen on 5 different sand dunes outlines representing the majority of the dunes in the pilot area 3 to determine displacement of these outlines as function of the migration of the dunes. The two dates of the satellite images shows maintained shapes and morphology of the Barchan dunes with migration to the south (Figure 9) . The point-topoint geo-correlation between the two satellite images estimated the minimum movements of 1.8 my −1 and maximum of 6.7 my −1 with an average yearly movements of the 6 years of 3.9 my . The general direction of movement is to the south, with average movement angle of 265 degrees.
Discussion
Sand dunes are very common phenomena in Egypt, which occupy nearly 17% of the Egyptian territory. These sand dunes are actively migrating creating a major threat on the human activities and existing land use and land cover. Detecting the magnitude of sand dune movements as well as the direction could significantly help in reducing their adverse threat particularly on the newly developed projects such the area of study.
The area of study, southern part of the western desert, is subjected to hyper arid environment with multi-directional wind system that accelerates the sand dune movements and low precipitation to stabilize such dune movements. Figure 11 is a simulation of the dominant wind direction in the region of the study area, which shows variable directions with major dominant direction of north-south that always crosses the spillway of Lake Nasser. land use and land cover. The novelty of this study is the applicability to be robust for regular estimation of the sand dune movements and assessment of the hazards arisen from the sand dune movements on the developmental plans in the area. To help decision makers and planners for the newly development projects to reduce the natural hazards of sand dune movements, there is a need to study such threat using a tool to enable wide coverage. This is why remotely sensed data is an effective tool to achieve this objective. The use of satellite images enabled to understand on a wide coverage the sand dune system of Toshka Depression area and determine the rate of sand dune movements. In the 5chosen pilot areas about 149 dunes (transverse dunes, barchans, and hybrid dune) were studied to estimate the actual rate of sand dune movements, which ranged from minimum of 1. . It is also well observed that some pilot areas such as pilot area 1 representing typical dune migrations with determined rate and direction; however other areas, such as pilot area 4, are reflecting dynamic changes in the morphology of the sand dunes. The estimated sand dune movements in this research were compared with some corresponding in-situ measurements by some previous researchers. Figure 12 shows the correlation between both results with r 2 0.86, which means that 86% agreement of the estimated dune movements with the actual observed measurements. Such level of accuracy is acceptable to the level of mitigation minimizing the risk.
Conclusion
However, the dominant movement direction was estimated at almost South direction at angles from 270 to 290 degrees. Indeed, such high rate of movements has a direct impact on the spillway canal of Toshka lake, Sheikh Zayied Canal that feeds the agriculture planned areas, existing agriculture activities, infrastructures such as roads, and urbanized areas. Indeed, the outcomes of this research could help local authorities, decision makers and planners to mitigate or minimize the impact of sand dune movements on the newly planned project or the exiting 
